Abstract: Cholinesterase (ChE) was characterized in whole bodies of adult riceland prawns, Macrobrachium lanchesteri, based on substrate preference and inhibitor sensitivity. M. lanchesteri ChE activity was mainly attributable to acetylcholinesterase (AChE) since it preferentially hydrolyzed an AChE-specific substrate, acetylthiocholine iodide, over s-butyrylthiocholine iodide and was sensitive to 1,5-bis-(4-allyldimethyl-ammoniumphenyl)-pentan-3-one dibromide, a specific inhibitor for AChE. The effect of chlorpyrifos exposure on M. lanchesteri were also investigated. The 24, 48, 72 and 96 h LC50 values for chlorpyrifos were 3.37, 2.76, 2.58 and 2.53 µg L −1 , respectively. Based on these values, adult M. lanchesteri were exposed to 0.5, 1.5, 2.5 and 3.5 µg chlorpyrifos L −1 for 24, 48, 72 and 96 h. Chlorpyrifos appeared to induce drastic enzymatic responses in M. lanchesteri. AChE activity was inhibited after 24 h of exposure in a dose-and time-dependent manner. The levels of lipid peroxidation increased significantly after 24 h of exposure. However, the activities of the antioxidant enzyme, catalase, and the detoxification enzyme, glutathione S-transferase, were reduced. In conclusion, M. lanchesteri is sensitive to chlorpyrifos and can serve as a bioindicator species for freshwater environmental assessment.
Introduction
Inhibition of cholinesterase (ChE) activity in organisms has been widely used as a sensitive biomarker for determining organophosphate and carbamate pesticide exposure in surrounding environment (Kirby et al. 2000) . Although pesticide residues in the environments may be undetected by chemical assays, the inhibition of ChE activity in organisms may still be detected (Fulton & Key 2001) . Like vertebrates, crustaceans contain two major forms of ChE, acetylcholinesterase (AChE; EC 3.1.1.7) and butyrylcholinesterase (BChE; EC 3.1.1.8). The predominant form of ChE present in an organism varies among species and tissues. The type of ChE can be differentiated based on substrate preference and inhibitor sensitivity. AChE preferentially hydrolyzes acetylcholine (ACh) whereas BChE preferentially hydrolyzes butyrylcholine but also hydrolyzes propionylcholine and ACh to a lesser extent. All forms of ChE are inhibited by eserine sulfate. However, AChE is selectively inhibited by 1,5-bis (4-allyldimethyl-ammoniumphenyl)-pentan-3-one dibromide (BW284c51) but not by tetraisopropylpyrophosphoramide (iso-OMPA). BChE is selectively inhibited by iso-OMPA (Massoulié et al. 1993; Key & Fulton 2002; García-de la Parra et al. 2006; Xuereb et al. 2007 ). Inhibition of AChE by toxicants causes an accumulation of ACh at cholinergic synapses resulting in hyperactivation of postsynaptic cholinergic receptors. Behavioral abnormalities such as tremors, convulsions and paralysis, and finally death of an organism are induced (Day & Scott 1990) .
Chlorpyrifos (O,O-diethyl 0-3,5,6-trichloro-2-pyridyl phosphorothioate) is an organophosphate pesticide that has been extensively used for agricultural pest control. Chlorpyrifos exerts its toxicity by inhibiting ChE activity (Xuereb et al. 2007 ). In addition to its neurotoxicity, chlorpyrifos induces oxidative stress in an organism either by generating reactive oxygen species (ROS) or interfering with the antioxidant defense mechanism (Kavitha & Venkateswara Rao 2008) . ROS including superoxide anion radicals, hydrogen peroxide (H 2 O 2 ) and hydroxyl radicals, are highly reactive, thus damaging biological molecules leading to lipid peroxidation (Livingstone 2001) . Estimation of lipid peroxidation level by determining the production of thiobarbituric acid reactive species (TBARS) is widely used as a biomarker for oxidative damage in organisms (Lackner 1998) . Under normal conditions, ROS are eliminated by antioxidant enzymes such as catalase (CAT; EC.1.11.1.6), which decomposes H 2 O 2 into water and O 2 molecules (Diguiseppi & Fridovich 1984 ). An intoxicated organism may recover by the use of detoxification enzymes such as glutathione S-transferase (GST; EC.2.5.1.18), which catalyzes the conjugation of the thiol moiety of reduced glutathione with a variety of compounds bearing electrophilic centers, such as pesticides, thereby eliminating them from the cells (Anderson 1997) . Both antioxidant and detoxification enzyme activities have been used as biomarkers for environmental assessment.
Crustaceans are sensitive to pesticides due to their close phylogenetic relationship with insects. Riceland prawns, Macrobrachium lanchesteri (de Man, 1911) , are small freshwater prawns widely distributed in Southeast Asia. They are commonly found in slow-flowing water such as ponds, canals or ricefields and serve as prey for freshwater fish and also a common food source for local people. M. lanchesteri are subject to risk of pesticide contamination owing to the heavy use of pesticides in food crops. Furthermore, M. lanchesteri can be easily reared under laboratory conditions. It may therefore be useful as a bioindicator species for monitoring freshwater environmental contamination.
The aims of the present study were to identify the form of ChE present in adult M. lanchesteri based on substrate preference and inhibitor sensitivity. The effect of chlorpyrifos exposure on adult M. lanchesteri was also evaluated in term of the median lethal concentration (LC 50 ) values and enzymatic responses including lipid peroxidation, AChE, CAT and GST.
Material and methods

Chemicals
Acetylthiocholine iodide (ATChI), s-butyrylthiocholine iodide (BTChI), propionylthiocholine iodide (PTChI), eserine sulfate, BW284c51, iso-OMPA, 5,5-dithio-bis-2-nitrobenzoate (DTNB), 1-chloro-2,4-dinitrobenzene (CDNB), GSH, 2-thiobarbituric acid, 1,1,3,3-tetramethoxypropane and Coomassie Brilliant Blue G-250 were obtained from SigmaAldrich Chemical Co. (St. Louis, MO, USA). Butylated hydroxytoluene, 30% H2O2 and trichloroacetic acid were obtained from BDH (Poole, England). Technical grade chlorpyrifos (99.5% purity) was obtained from Dr. Ehrenstorfer GmbH (Augsburg, Germany).
Experimental prawns
Adult M. lanchesteri of 0.3-0.5 g in weight and 3.0-4.0 cm in length from canals in Supanburi province, Thailand were purchased from a local market. They were acclimatized under laboratory conditions with a 12 h dark/12 h light period in a 50×120×50 cm 3 glass aquarium containing approximately 200 L of water at 27 ± 1
• C for at least one week.
Preparation of tissue homogenate
Prawns were euthanized by placing them at -20
• C for about 10 min. The exoskeleton of each prawn was then removed and the whole body was cut into small pieces and was homogenized in 5 mL homogenization buffer (0.1 M sodium phosphate buffer, pH 7.2). Crude homogenate was centrifuged at 10,000 ×g, at 4
• C for 20 min. The supernatant was collected and used immediately for analysis or kept at -80
Characterization of ChE M. lanchesteri ChE activity was determined by colorimetric assay (Ellman 1961) . Three different substrates, ATChI, BTChI and PTChI were tested for substrate preference. Pooled supernatant from 20 prawns (75 µL) was added to reaction buffer (875 µL) containing 0.35 mM DTNB in 0.1 M sodium phosphate buffer, pH 8.0, and the mixture was incubated at 25
• C for 10 min. Freshly prepared substrate (50 µL) in 0.1 M sodium phosphate buffer, pH 8.0, was added to make up to final concentrations of 0.0625, 0.125, 0.25, 0.5, 1.0, 2.0, 3.0, 5.0, 10.0 and 15.0 mM. The absorbance was measured at 412 nm every 30 s for 2 min. Four different pooled samples were tested for each substrate.
Inhibitor sensitivity was determined using three different inhibitors, eserine sulfate, BW284c51 and iso-OMPA. Eserine sulfate and iso-OMPA were prepared in ethanol whereas BW284c51 was prepared in deionized water. Each inhibitor (5 µL) was added to pooled supernatant (495 µL) to final concentrations of 10 −9 , 10 −8 , 10 −7 , 10 −6 , 10 −5 and 10 −4 M and the mixture was incubated at 25
• C for 30 min. Ethanol and deionized water were also added to corresponding conditions as controls. The mixture (75 µL) was then added to the reaction buffer (875 µL) at 25
• C for 10 min prior to addition of 0.5 mM ATChI (50 µL) in 0.1 M sodium phosphate buffer, pH 8.0, to initiate the reaction. The absorbance was measured at 412 nm as described previously.
Four different pooled samples were tested for each inhibitor.
Determination of LC50 values M. lanchesteri were exposed to 0.1, 1.0, 2.0, 3.0 and 4.0 µg chlorpyrifos L −1 . Each experimental group comprised 15 prawns placed in a glass aquarium (20×30×20 cm 3 ) containing about 10 L of each chlorpyrifos concentration. As stock chlorpyrifos was prepared in acetone, controls with and without acetone were also included. Mortality was recorded after 24, 48, 72 and 96 h. Four replicate experiments were conducted. The LC50 values were determined using Probit Analysis (Finney 1971) .
Chlorpyrifos exposure
Based on the 96-h LC50 value, M. lanchesteri were exposed to 0.5, 1.5, 2.5 and 3.5 µg chlorpyrifos L −1 . Each experimental group comprised 60 prawns placed in a glass aquarium (30×40×60 cm
3 ) containing about 60 L of each chlorpyrifos concentration. Controls with and without acetone were included. About 10-15 prawns were collected after 24, 48, 72, and 96 h for determination of lipid peroxidation levels, and AChE, CAT and GST activities. Four replicate experiments were performed.
Enzyme assay
Prawn supernatant was prepared and determined for AChE activity as described previously. CAT activity was determined using the method of Aebi (1984) . Briefly, prawn supernatant (100 µL) was mixed with 50 mM potassium phosphate buffer, pH 7.0, (900 µL) and then 30 mM H2O2 (500 µL) was added. The absorbance at 240 nm was immediately measured for 15 sec. GST activity was determined based on the method of Habig (1974) . Briefly, prawn supernatant (50 µL) was added to 0.1 M potassium phosphate, pH 6.5, (950 µL) containing 0.1% Triton-X 100, 1 mM CDNB and 1 mM GSH at 25
• C for 1 min. The change in absorbance was monitored at 340 nm every 30 s for 3 min.
Determination of lipid peroxidation
The level of lipid peroxidation was determined by measuring the production of TBARS using the method described by Buege & Aust (1978) . Prawn supernatant (400 µL) was mixed with solution (800 µL) containing 3.75% trichoroacetic acid, 0.05 N HCl, 9.25% 2-thiobarbituric acid and 0.03% butylated hydroxytoluene at 25
• C for 5 min.
The mixture was then incubated in a water bath at 95
• C for 15 min. After cooling to room temperature, the mixture was centrifuged at 10,000 ×g, at 4
• C for 10 min. The supernatant was then collected and determined for the TBARS level at 535 nm. The absorbance of 0, 0.625, 1.25, 2.5, 5, 10 and 20 µM 1,1,3,3-tetramethoxypropane was used to construct a standard curve.
Protein concentration was determined following the method of Bradford (1976) . The absorbance was measured at 595 nm.
Statistical analysis
Statistical differences were analyzed by one-way analysis of variance (ANOVA) . Differences between means were tested for significance (P < 0.05) by Duncan's test.
Results and discussion
The present study introduced Macrobrachium lanchesteri as a bioindicator species for freshwater environmental assessment and evaluated the potential use of ChE activity in adult M. lanchesteri as a biomarker for pesticide contamination. The major type of ChE present in adult M. lanchesteri was identified. Owing to their small size, whole bodies instead of separate organs were utilized for the analysis. The results indicated that the ChE activity in the whole body M. lanchesteri was mainly attributable to AChE since M. lanchesteri ChE preferentially hydrolyzed ATChI, a substrate for AChE, over BTChI and PTChI, substrates for BChE (Fig. 1A) . Furthermore, preincubation of M. lanchesteri homogenate with increased concentrations of eserine sulfate, a general inhibitor for ChE and of BW284c51, a specific inhibitor for AChE, inhibited M. lanchesteri ChE activity in a concentration dependent manner (Fig. 1B) . In contrast, preincubation with increased concentrations of iso-OMPA, an inhibitor for BChE, did not have any effect on M. lanchesteri ChE activity (Fig. 1B) . The sensitivity of M. lanchesteri ChE to the AChE-specific inhibitor corresponded well with the substrate preference, confirming that AChE was predominant in adult M. lanchesteri. The existence of AChE has also been reported in many prawn species such as the grass shrimp Palaemonetes pugio (Holthuis, 1949) (Key & Fulton 2002) , the white shrimp Litopenaeus vannamei (Boone, 1931) (García-de la Parra et al. 2006 ) and the common prawn Palaemon serratus (Pennant, 1777) (Frasco et al. 2006 (Frasco et al. , 2010 . Nevertheless, the occurrence of BChE has been reported in the crab Maia verrucosa (H. Milne Edwards, 1834) and the lobster Palinurus vulgaris (Latreille, 1803) (Talesa et al. 1992) . The basal levels of AChE activity vary among species and tissues. The basal level of M. lanchesteri AChE activity (15.29 ± 1.72 nmol min −1 mg −1 protein) in the present study ( Figs 1A, B) is comparable to that observed in the white shrimp eyes (23 ± 1.20 nmol min −1 mg −1 protein) (Garcia-de la Parra et al. 2006) .
Susceptibility to pesticides varies among species and depends on age and size of an organism. Generally, the larval stage is more susceptible than the adult stage Fig. 1 . ChE in the whole body of Macrobrachium lanchesteri. A -ChE activity using ATChI, BTChI or PTChI as substrates; BChE activity using ATChI as substrate in the presence of specific inhibitors, eserine sulfate, BW284c51 or iso-OMPA. Each value represents mean ± standard deviation of four different pooled samples. Asterisks indicate significant difference from the ethanol control (P < 0.05). (Sarojini et al. 1986 ). The 24, 48, 72 and 96 h LC 50 values of chlorpyrifos with 95% confidence limits for M. lanchesteri were 3.37 (2.90-4.19), 2.76 (2.44-3.18), 2.58 (2.19-3.12) and 2.53 (2.16-3.04) µg L −1 , respectively. The LC 50 value at 24 h exposure to chlorpyrifos was 3.37 µg L −1 for M. lanchesteri, which was higher when compared to 2.98 µg L −1 for the freshwater prawn P. argentines (Montagna & Collins 2007) . Similarly, the 96-h LC 50 value of 2.53 µg L −1 in M. lanchesteri was higher than the 96-h LC 50 value of 0.063 µg L −1 observed in the glass shrimp Paratya australiensis (Kemp, 1917) of a comparable size (Kumar et al. 2010) . Altogether, these indicate that M. lanchesteri are more tolerant to chlorpyrifos than other prawns.
Based on the LC 50 values, adult M. lanchesteri were exposed to 0.5, 1.5, 2.5 and 3.5 µg chlorpyrifos L −1 to study enzymatic responses following the exposure to chlorpyrifos. The results showed that the AChE activity was inhibited by chorpyrifos in a dose-and timedependent manner ( Fig. 2A) . The exposure to moderate or high concentrations of chlorpyrifos (≥1.5 µg L −1 ) significantly reduced the AChE activity at 24 h. However, the exposure to low concentrations of chlorpyrifos significantly decreased the AChE activity after 48 h. Although M. lanchesteri seemed to be tolerant to chlor- pyrifos compared to other prawns, the enzymatic activities were still sensitive to such exposure. Sensitivity of M. lanchesteri AChE to chlorpyrifos exposure renders it a potential biomarker for freshwater environmental assessment.
Significant levels of lipid peroxidation were induced as detected by a marked increase (P < 0.05) in the levels of TBARS, a lipid peroxidation product, by 24 h in a dose-dependent manner. However, no further increase in the lipid peroxidation level was observed with increased time of exposure (Fig. 2B) . Increased lipid peroxidation levels may be due to ROS production caused by chlorpyrifos exposure.
CAT was not as sensitive to chlorpyrifos exposure as GST. The activity of CAT was not affected at 24 h but was reduced after 48 h when exposed to moderate or high concentrations of chlorpyrifos (1.5, 2.5 or 3.5 µg L −1 ) or after 72 h when exposed to a low concentration (0.5 µg L −1 ) of chlorpyrifos. There was no further decline with increased time of exposure (Fig. 2C) . However, the GST activity was reduced within 24 h even when exposed to low concentration of chlorpyrifos but there was no significant change (P > 0.05) in the activity with increased time of exposure (Fig. 2D) . Decreased CAT activity may be associated with ROS production since ROS has been shown to directly inhibit CAT activity (Kono & Fridovich 1982; Escobar et al. 1996) . Such a decrease results in a low level of H 2 O 2 degradation thus aggravating oxidative stress in M. lanchesteri.
Decreased GST activity may be indirectly associated with high levels of lipid peroxidation since the end products of lipid peroxidation, such as malondialdehyde, are reactive aldehydes which may crosslink GST (Leaver & George 1998; Martinez-Lara et al. 2002) .
Increased activity of antioxidant or detoxification enzymes is a common response as a defense mechanism of an organism when exposed to a moderate concentration of a toxicant. The reduced activities of CAT and GST in M. lanchesteri following the exposure to chlorpyrifos in the present study may be due to the fact that the concentrations of chlorpyrifos under these experimental setting based on the LC 50 values were high, resulting in the less optimal conditions for these enzymes to function properly in the cells. A lower concentration of chlorpyrifos may possibly enchance the activity of these two enzymes.
In conclusion, M. lanchesteri can serve as a sensitive bioindicator species for freshwater environmental assessment. AChE is the major form of ChE in whole bodies of M. lanchesteri and it is sensitive to chlorpyrifos exposure. Moreover, exposure to chlorpyrifos in the present study induced high levels of lipid peroxidation and caused an inhibition of CAT and GST activities.
